In-line Fraunhofer holography has been developed and implemented at the Los Alamos National Laboratory to measure particle distributions of fast moving particles. Holography is a unique diagnostic that gives unambiguous information on the size and shapes of particle distributions over a three dimensional volume. Currently, the capability of measuring particles two microns in size which travel many mm4isec has been demonstrated in hydrodynamic experiments at the Pegasus Pulsed Power Facility. Usually, for setting up an in-line holography experiment for measuring particles a few microns in size, the holographic film would be placed less than one centimeter from the particles. However, due to the high kinetic energy associated with the dynamic experiment, an optical relay system is used to relay the interference pattern 35 cm so that the glass hologram will survive. After the hologram has been recorded the data must be extracted. A spatially filtered laser is used to reconstruct a real image which is a projection of the particles over a three dimensional volume. Planes of data from this volume are digitized via a CCD camera by moving the hologram with a three axis actuator. After the data has been digitized it is then analyzed with intelligent image processing algorithms.
Holography offers many advantages over other imaging techniques. Unlike microscopy which has a very limited depth of field, holography can record over a large depth of field many orders of magnitude larger. In addition, when a hologram is used to reconstruct the data, an actual three dimensional image of the data is recreated so information about the particle size and shape can be extracted directly from the hologram. This is an advantage over light scattering methods which rely on models in order to extract information about the particle size.
Many articles have been written describing holography for use in measuring small objects in a Particle radius (microns)
50
Figure 1: Plot showing minimum particle to hologram distance (z) for a given particle radius. discussion, the in-line Fraunhofer holography technique is used to make particle size measurements. An advantage of this technique is the simplicity of the geometrical configuration. For instance, in traditional holography a laser beam is split and later recombined with the scattered beam to form the hologram. Inline Fraunhofer holography requires only a single beam. As the single laser beam passes through the region where the particles reside, part of the beam is scattered and part is unscattered. These two beams interfere at the film plane to form the hologram. In order to record high quality data using this technique certain conditions must be met. First, the experiment should be designed so that at least 80% of the beam3 passes through the region of interest unchanged. This will assure that enough reference beam is available so that a good interference pattern is formed. A second requirement is that the far field condition must be met. This condition states that the minimum particle to hologram distance (z) must meet the following criteria:
where a is the radius of the particle, and is the wavelength of the laser light. Fig. 1 shows a plot of this equation. For example, if a particle 3 microns in radius is to be measured, one far field corresponds to 106 microns. Therefore, the hologram should not be any closer than 106 microns. Thus, for small particles the far field condition is not difficult to achieve.
Of particular concern is the irradiance distribution at the plane of the hologram. This is the dist:ribution that arises from the presence of particles scattering light and the resulting superposition of the scattered and unscattered light. If an opaque sphere is illuminated with laser light the irradiance dist:ribution is given by4:
where r is the radius of a given point in the plane of the hologram, a is the radius of the particle scattering the light, k = 2ic/X, m is the magnification (which depends on the divergence of the laser beam), and z is the particle to hologram distance. 8 mm from the back end of the volume. This virtual interference plane is located at the conjugate of the lens and is relayed roughly 35 cm to where the hologram is placed. The top three calculations shown in Fig. 3 correspond to the irradiance distribution that would be observed at this virtual position. Clearly more information is recorded for particles closer to this plane. By using the optical transfer system the recording of the interference pattern is limited by the solid angle and resolution of the lens system. The bottom of Fig. 3 shows what part of the irradiance distribution is being passed by the first lens of the optical transfer system which is located about 40 mm from the particles. Even though the optical transfer system is much further away than the virtual interference plane, the area of the collecting optics (radius=16 mm) is large enough so that the first lobe of the Bessel function is passed for a 1 micron radius particle. The optics has a limited resolution of 400 lp/mm which is much less than the resolution of the holographic film which has a resolution of 5000 lp/mm. This reduced resolution blurs the high frequency component. performed. Fig. 6 As mentioned earlier the data that is recorded occupies approximately 1 cm3. The analysis procedure follows two major steps. The first step is to reconstruct the data and acquire the data via camera and store onto disk. The second step is to take the digital data and to analyze the images thereby extracting the particle size and location. Fig. 7 shows a schematic of how the data is reconstructed during the first step. This figure shows a laser beam coming in from the left side. The laser is spatially filtered and expanded so as to cover the acquired for a stack, the computer shifts the hologram along the horizontal. A shift to the right is indicated in the volume data shown in Fig. 8 . Following this shift, the hologram is again stepped along the z-axis, but in a directionL opposite the previous. A new stack equal in the number of frames to the previous stack is acquired. This new stack represents another small box of volume data that overlaps with the previous stack (nominally 10% overlap). Correlation within this overlap region is used to register the data sets. Again, the hologram is shifted along the x-axis and a new stack is acquired. The process is repeated until the programmed number of stack data has been acquired in the x direction. The stack data acquired constitutes a row of stack data. At this point, the hologram is shifted vertically (nominally 90% of the image height) rather than horizontally. The middle part of Fig. 8 illustrates this as a downward shift in the volume data. This process is repeated, but with the horizontal shifts between stacks now running in the opposite direction. A new row of stack data is acquired. At the end of this row, the hologram is again shifted vertically and the process is repeated until all the data frames have been acquired. In this manner, the complete volume of data is acquired. For a complete scan, the total number of image data sets acquired is expected to exceed several thousand.
4.
DATA PROCESSING PROCEDURE Data are processed differently according to their type (i.e., image data, stack data, or collective volume). During image data processing, the data are segmented (i.e., particle data identified). The image segmentation step develops a background noise model. Dynamic classification thresholds are then derived from the noise model. Data exceeding the local thresholds are segmented as particle data. The segmentation steps are illustrated in Fig. 9 . In the figure, a raw data image is shown to the left. The
Raw Background S egmemed raw data show square patterns ranging from 2 to 6 microns in size. The raw data also show a background noise that varies across the image. Background noise modeling consists of 4 phases. In the first phase, a two-dimension intensity trend is fit to the raw data. A mask is then generated that identifies data that are clearly not noise (i.e., bright) in the second phase. The third phase combines the two-dimensional trend and mask. This combination replaces the bright data (as identified by the mask) with the corresponding two-dimensional trend data. The result is a zero-order model of the background noise. In the fourth and final phase, the background noise model is obtained by averaging the zero-order model over a window that is 1 5 microns by 15 microns (or roughly 50 x the area of the smallest detectable particle). This background noise model is shown in the middle figure. Dynamic classification thresholds are then derived locally from the background noise model. The final segmented data are shown at the far right of Fig. 9 . After all the segmented images within a stack have been generated, they are stacked atop oneanother to form a stack of segmented data. Particles (i.e., contiguous data points in three dimensions) are then extracted from the stack. After extraction, the particle data are analyzed. During this analysis, particle features (size, minimum and maximum extent in z, etc.) are calculated and compared with thresholds set by the user. Particles that pass the feature test are accepted, while those that fail are rejected.
Collective volume processing begins after all stack data have been processed. The overall task of collective volume processing is to count the number of particles. However, a number of problems must be addressed first. The first problem concerns registration between the different stacks of data (i.e., determining the best overlap between two stacks). In registration, the accepted particles from adjacent stacks are correlated to obtain the best overlap. Next, with the best overlap derived, corrections for the multiply-counted particles in the overlap regions are made. Multiply-counted particles in the overlap regions are counted only once. A final correction is made by rejecting particles in the overlap region that are not matched with a corresponding particle from the adjacent stack.
Analysis tools have been developed to display the particles in three dimensions. This allows the operator to v:iew the particle distribution in any orientation. Further statistical analysis provide particle distribution functions.
CONCLUSIONS
At Los Alamos, a program has begun to develop in-line holography for making dynamic particle distribution measurements. Because of the nature of the experiments a specialized optical transfer systems is used to relay an interference pattern far enough away from the experiment that a glass hologram will survive the experiment. These types of measurements also require a short pulsed high power laser system so as to reduce blurring of the particles as the exposure takes place. A complete data reconstruction system has been developed for reconstructing the data from the hologram and digitizing the data for analysis. A data analysis capability has been briefly described in which many gigabytes of image data are analyzed in which particle sizes and positions are extracted. This capability is being applied to dynamic experiments currently being carried out at the Pegasus Pulsed Power Facility.
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